Solidification behavior of fine-grained dredged marine soils: strength improvement by Azhar, Amira et al.
  Solidification Behavior of Fine-grained 
Dredged Marine Soils: Strength 
Improvement 
 
Amira Azhar 
Master Student, Faculty of Civil and Environmental Engineering 
Universiti Tun Hussein Onn Malaysia, Malaysia 
e-mail: amiramirmier@gmail.com 
 
Chee-Ming Chan 
Assc. Professor, Faculty of Engineering and Technology 
Universiti Tun Hussein Onn Malaysia, Malaysia 
e-mail: chan@uthm.edu.my 
 
Ahmad Tarmizi Abd. Karim 
Professor, Faculty of Civil and Environmental Engineering 
Universiti Tun Hussein Onn Malaysia, Malaysia 
e-mail: tarmizi@uthm.edu.my 
ABSTRACT 
Solidification is a method that aims in improving the engineering properties of soil such as soil 
strength. Chemical stabilization involves mixing of soil with cement. This will result on the 
hardening of the mixture by hydration of the cement. This study aims to determine the 
stabilization or hydration effect of the binders to dredged marine soil. Three types of binders are 
used in these studies that are ordinary Portland cement, fly ash and bottom ash. Mixture of binders 
varying from 5% to 25% was added to stabilize the dredged marine soil. Cone penetration test and 
laboratory vane shear test were conducted on these samples. The samples were air cured at room 
temperature (25 ± 5°C) for 3 days. The results also showed that strength increase with increasing 
amount of cement, fly ash and bottom ash. The shear strength of the samples also increase with 
increasing of curing period The hydration process of soil-cement mixture occurs immediately after 
mixing process. For the mixture of fly ash-soil and bottom ash-soil, the pozzolanic reaction occurs 
but only in small reaction.  
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INTRODUCTION 
Solidification is a method that aims to improve the engineering properties of soil such as soil 
strength. There are two types of solidification that are commonly used nowadays that are 
mechanical and chemical solidification. Mechanical solidification is a process that is use to 
increase strength and durability characteristics of the soil aggregate mixtures. Chemical 
solidification involves mixing of soil with cement. This method used ordinary Portland cement to 
pulverized soil and permitting the mixture to harden by hydration of the cement [1].  
Solidification agents or binders are materials that form cementitious composite materials 
when in contact with water or in the presence of pozzolanic minerals that reacts with water. The 
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material used for cementitious material is also known as binder. The commonly used binders are 
cement, lime and fly ash [1]. Ordinary portland cement (OPC) is a mechanical additive that can 
be used for soil solidification. OPC is a common type of fine powdery cementitious building 
material. When mixed with water and sand (or gravel) it turns into masonry mortar (or concrete). 
After a series of complex internal reactions (hydration), the mixing will sets like a stone.  
Fly ash (FA) is fine powder that consists of spherical particles less than 50 microns in size. It 
is a byproduct of coal combustion from power plant [2]. Fly ash do not works effectively on its 
own but it work efficiently after mixing with the cement. Based on the study conducted by Reyes 
and Pando (2007), fly ash is typically falling within classes C and F [3]. Bottom ash (BA) is 
produced as a result of burning coal in a dry bottom pulverized coal boiler. It consists of non-
combustion materials. Raw bottom ash is a granular material that consists of a mix sand, stone, 
glass, porcelain, metals, and ash from burnt materials [4]. The non-combustion material from a 
dry bottom boiler consists of 20 % of bottom ash. Generally, bottom ash is a porous, glassy and 
dark gray material with a grain size similar to that of sand. 
After mixing fine-grained dredged marine soil (DMS) with the binders, the chemical reaction 
between DMS and binders will occur. There are several ways of defining the soil-cement 
interaction. But, it is believed that cement which was added with water into the clay soil, will lead 
to the reaction of hydration process. There are two major chemical reactions which are induced 
by the addition of cement into the sample which will enhance the soil cement stabilization 
process. The two major chemical reactions is known as the primary hydration reaction of the 
cement and water and the secondary pozzolanic reactions between lime released by the cement 
and the clay minerals [5]. 
Calcium ions from cement will be attracted to the clay surface. It then will replace the other 
cations such as hydrogen ions in clay lattice according to Lyotropic series. The combination of 
high concentration of calcium ions surrounding the clay surface and cement particles will lead to 
the binding of cement grains and form a hardened skeleton matrix, which encloses unaltered soil 
particles. The factors that affect the physical properties of mixing of soil-cement are including the 
soil type, quantity of cement, degree of mixing, curing time and dry density of the compacted 
mixture [6]. 
MATERIALS AND METHOD 
This study focused on the cementitious effect of dredged marine soil. The dredged marine soil 
(DMS) samples collected for this study were from Marina, Melaka and Tok Bali, Kelantan. The 
DMS from Marina Melaka was collected by using cutter suction dredger at a depth between 3.5-
6.5 m from sea level while Tok Bali DMS was collected by using grab equipment or backhoe 
dredger at 3.5-5.0 m depth. The material that used as the cementitious stabilization agents is 
ordinary Portland cement (OPC), bottom ash and fly ash.  
 
The original DMS sample was mixed thoroughly by using the mixer and stored for 24 hours to 
ensure the sample was homogenous. While cement, fly ash and bottom ash was dried in oven to 
ensure moisture free and kept at tight container. The amount of DMS that will be mixed with the 
binders was calculated based on soil-binders (soil-cement) ratio. The soil-cement ratios of the 
samples were 5%, 10%, 15%, 20% and 25% by total weight were prepared. Table 1 summarized 
the mixing ratio of the samples. The mixing of original DMS with binder was done after the 
original DMS was stored for 24 hours. All of DMS samples were then mix together with the 
binders at a time. The mixture was first mixed using hand then proceeds with food mixer for 5 
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minutes. The steps were repeated until all cement, fly ash and bottom ash werefully mixed with 
DMS. The samples were air cured at room temperature (25 ± 5°C) for 3 days.  
 
Table 1: Mixing ratio of samples 
 
 
 
 
 
 
 
 
 
 
 
     The tests conducted in this study were fall cone test and laboratory vane shear test. The 
fall cone test was used to determine shear resistance of soils. Fall cone test usually was used to 
determine the Atterberg limit of the soil. In this study, the method of fall cone test was adapted to 
determine shear resistance of DMS. Shear strength of the fine-grained DMS was measured by 
placing the sample under cone holder [7]. The tip of the cone was touched the surface of the 
sample. The test was performed by released the cone using an electrical switch for 5 seconds. 
Laboratory vane shear test used to determine the vane shear strength of a soil sample from 
soft to firm cohesive soil. In the study, DMS is classified as cohesive and low strength soft soil. 
Hence the laboratory vane shear test is most appropriate test to determine the undrained shear 
strength of the dredged soil. The result obtained from vane shear test is half from unconfined 
compressive strength. A blade with 12.7mm wide and 12.7mm long was used to measure the 
strength of fine-grained DMS. The appropriate torsion spring was been chosen based on the 
maximum stress. The blade was pushed into the soil and torque was applied. The rotation will 
took place until the soils failure.  
RESULTS AND DISCUSSION 
Physical and Chemical Properties of  Fine-grained Dredged 
Marine Soils (DMS) 
Physical and chemical properties are important for predicting and describing the material 
properties. Table 2 below show the results for physical and chemical characteristics of fine-
grained DMS. Sample collected from Marina consists of 3% of gravel, 9% of sand, 18% of silts 
and 66% of clay. It was classified as low plasticity clay (CL) based on Unified Soil Classification 
System (USCS). Sample from Tok Bali consists of 5% of gravel, 20% of sand, 16% of silts and 
59% of clay. It was classified as low plasticity silt (ML). 
Moisture content of CL is high compared to ML DMS. According to the study conducted by 
Grubb, moisture content for dredged marine sediments is between 100%-200% [8].  The loss on 
ignition test was conducted to determine the organic content of fine-grained DMS. In 
Percentage of binders 
(%) 
Percentage of DMS (%) 
5 95 
10 90 
15 85 
20 80 
25 75 
 
** DMS = Dredged marine soils 
     Binders = Bottom Ash, fly ash and cement 
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geotechnical engineering, soils with organic content greater than 20% can be considered as 
organic soils. Since the value of LOI obtained are less than 20%, all of these dredged material can 
be considered as inorganic soil [9]. Marine soils are deposited under water. Due to the 
decomposition of marine creatures such as sea grasses, shells and some organisms will influence 
the present of organic content in marine soils but only in low percentage. pH is used to measure 
the acidity and alkalinity of certain materials. Since pH concentrations of the fine-grained DMS 
were greater than 7, it can be conclude that DMS in Peninsular Malaysia is alkaline.  
X-ray fluorescence results of both types of DMS are shown in Table 3. X-ray fluorescence 
method (XRF) was conducted to determine the chemical compositions in fine-grained DMS. The 
chemical composition that was obtained from XRF test were aluminum oxide (Al2O3), iron oxide 
(Fe2O3), Calcium oxide (CaO) and Silicon dioxide or also known as silica (SiO2). Other than that, 
potassium oxide (K2O), magnesium oxide (MgO), sulfur trioxide (SO3), titanium dioxide (TiO2) 
and sodium oxide (Na2O) also can be determined from XRF test. Based on the results obtained, 
major oxide components that contained in the fine-grained DMS were alumina, silica, and iron 
oxide.  
 
Table 2: Physical and Chemical Properties of Dredged Marine Soil 
 
Properties Marina Tok Bali 
Moisture content (%) 142.97 92.23 
Liquid limit (%) 65.00 36.90 
Plastic limit (%) 50.46 25.83 
Plasticity index (%) 14.54 11.07 
Particle density (%) 2.56 2.41 
Loss on ignition 9.49 4.78 
pH 8.32 8.51 
Soil classification CH ML 
 
** CL = Highly plasticity clay     ML = Low plasticity silt 
 
Table 3: X-ray fluorescence results 
Chemical 
composition 
Types  of fine-grained DMS 
CL ML 
Al2O3 21.60 21.10 
CaO 1.93 4.04 
Fe2O3 7.33 7.05 
K2O 2.97 2.64 
MgO 2.18 2.24 
SiO2 57.00 57.00 
SO3 1.37 1.87 
TiO2 1.03 0.85 
Na2O 1.66 1.26 
Others 2.93 1.95 
 
** DMS = Dredged marine soils 
CL = Highly plasticity clay     ML = Low plasticity silt 
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Cone Penetration Test  
The plasticity index was used to measure the soil’s cohesive properties and indicative of the 
amount and nature of clay in the soil. Soils with a high PI may be difficult to work with in 
construction because of their instability and stickiness when wet. Fine-grained DMS with a liquid 
limit less than 40% and plasticity index less than 18% are suitable for successful stabilization by 
using small amounts of cement. Soils with liquid limits larger than 60% often contain expansive 
clay minerals require large amounts of cement to stabilize the soils (Bell, 1976). 
In this study cone penetration test was used to determine the shear strength of fine-grained 
DMS after admixed with OPC, FA and BA. The samples were tested on day 0 and day 3. Sample 
with lower penetration have higher shear strength compared to the sample with higher 
penetration. Figure 1 and Figure 2 show the penetration results of mixing DMS with binders. For 
both CH and ML samples, the penetration of mixing DMS with the binders decreases with 
increasing of binders. For Day 0, shear strength of both samples are low. This is because the 
reaction between the samples and binder are not yet started. Both of CH and MH samples are still 
look alike the original sample. From Figure 1, it can be concluded that the value of shear strength 
are almost the same. 
As for Day 3, the cementitious between the samples and binders occurred and resulting in 
hardening of the samples. Based on the result in Figure 2, samples that mixed with OPC has the 
higher shear strength compared to other mixing. The penetration of the samples also decreases 
with increasing of curing day. The values of penetration for Day 0 are higher compared to the 
penetration of samples for Day 3.  
 
 
 
Figure 1: Cone Penetration of CL & ML Samples Day 0  
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Figure 2: Cone Penetration of CL & ML Samples Day 3 
 
Vane Shear Test  
Based on the results in Figure 3 and Figure 4, there are improvements in strength of stabilized 
dredged marine soils. Vane shear test indicates the degree of reaction of the soil-cement mixture 
and the hardening rate. The strength of the sample also increased with the curing time. 
The curing period of the sample affected the increment of the sample strength. This is 
because the hydration process is still occurring between the binders and fine-grained DMS. The 
bonding reaction between the binders tends to increase the strength of the sample. Figure 3 show 
that on day 0, both CL and ML sample have almost the same amount of the strength compared to 
day 3. From the result obtained, it can be said that the increasing of strength from day 0 to day 3 
of curing time is high. For CL and ML sample, the strength improves rapidly on Day 3 compared 
to Day 0. 
  The samples that mixed with OPC have higher strength compared to the sample that mixed 
with BA and FA. This proves that mixing of bottom ash and fly ash alone with the sample does 
not have much impact to improve samples strength. OPC should be added in the sample with a 
mixture of bottom ash and fly ash to increase the samples strength. For the sample mixed with the 
cement, the improvement in strength of stabilize soil occurs due to the hydration and hardening of 
cement. The C-S-H gel will be form during hydration process. The C-S-H gel also known as 
ettringite. Ettringite is as a result of the reaction of calcium aluminate with calcium sulfate that 
present in Portland cement. 
  As for the mixture soil-bottom ash, the increasing of strength is lower compared to mixture 
of soil-cement. The bonding between bottom ash with fine-grained soil particles will reduce the 
moisture content of the samples. The bottom ash particles will filled the void between DMS 
samples. Even though the strength of bottom ash with dredged marine soil mixture is lower but 
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the new improves soil product can be very useful. For example, the original DMS cannot be used 
in construction industry due to high moisture content. It is different after mixed with BA, the 
moisture content decrease, and these make DMS more stable. This DMS sample can be used as 
road base material or as fill material. 
 The strength of soil-fly ash mixture is low compared to mixture of soil-cement and soil-
bottom ash. This is due to the low calcium content inside the class F fly ash. Even though the 
strength of soil-fly ash is low, but it can be concluded that mixing of fly ash with fine-grained 
DMS also can increase the strength.  
 
Figure 3: Vane shear test of CL & ML Samples for Day 0 
 
Figure 4: Vane shear of CL & ML Samples for Day 3 
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Correlation between Stiffness and Strength of Samples 
Figure 5 shows the relationship between shear strength (Cu) and undrained strength 
(penetration) of the samples. For day 0, the penetration of the samples has higher value compared 
to day 3. This showed that the undrained strength of the samples increase with curing period.  The 
shear strength of the samples also increase with increasing of curing period. The results show that 
after 3 days of curing, the samples have same pattern of increment in strength. It can be predicted 
that if the test was carried out for Day 7 and Day 14 and Day 28, the shear strength will increase 
with the increment of the undrained strength. Both ML and CL sample have the same behavior 
after being stabilized for 3 days.  
 
 
Figure 6: Cu vs. Penetration of the samples for CL and ML samples 
 
CONCLUSION AND RECOMENDATION 
Solidification is important in order to improve the engineering properties of soil. The mixture 
of fine-grained DMS with binders will result on the hardening of the mixture by hydration or 
pozzolanic reaction from the binders. Based on this study, the strength of the sample increased as 
the mixing percentage is increased. The curing time also have impact on improving of strength in 
DMS samples. For further study, the number of curing time should be increased to 7, 14, 28 and 
56 days to get the increment patern. The mixing of the samples should be done by using water-
binder ratio in order to control the mixing portion of the samples.  
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